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2214-0247/Copyright ª 2014, TaiwanAbstract The Charnoly body (CB) is a pleomorphic, electron-dense, multilamellar, preapop-
totic, mitochondrial biomarker of cell injury. Nutritional stress and environmental toxins
induce CB formation in highly vulnerable developing neurons because of compromised mito-
chondrial bioenergetics; however, nutritional rehabilitation, physiological zinc supplementa-
tion, and metallothioneins (MTs) inhibit CB formation. Accumulation of CBs at the junction
of the axon hillock may impair the axoplasmic transport of ions, neurotransmitters, neuro-
tropic factors, and enzymes at the synaptic terminals. Therefore, drugs may be developed
to inhibit CB formation in neurodegenerative and cardiovascular diseases. In addition, nonspe-
cific induction of CB formation in hyperproliferating cells with cancer chemotherapy causes as
adverse effects alopecia, myelosuppression, gastrointestinal tract symptoms, cardiovascular
toxicity, and infertility. Hence, drugs may be developed to induce cancer stem cell-specific
CB formation to cure multidrug-resistant malignancies and chronic infections. Natural abun-
dance and genetic susceptibility of mitochondrial DNA qualify CB as an early, unique, and sen-
sitive universal biomarker of clinical significance.
Copyright ª 2014, Taiwan Genomic Medicine and Biomarker Society. Published by Elsevier
Taiwan LLC. All rights reserved.Introduction
In earlier studies, we discovered multilamellar, electron-
dense membrane stacks in developing Purkinje neurons ins School of Medicine, Plaza
Caribbean, The Netherlands.
.org (S. Sharma).
4.03.004
Genomic Medicine and Biomarkerundernourished rats.1e3 These peculiar structures were also
subsequently identified in the hippocampal CA-3 and den-
tate gyrus neurons of kainic acid-exposed mice and domoic
acid (DA)-exposed mice, and were named “Charnoly
bodies” (CB; Charnoly is the nickname of the late mother of
Dr. Sharma).4,5 A hippocampal microinjection of the sero-
tonin type 1A (5-HT1A) receptor agonist, 8-hydroxy-2-(di-n-
propylamino)tetralin (8-hydroxy-DPAT), into the dentateSociety. Published by Elsevier Taiwan LLC. All rights reserved.
90 S. Sharma, M. Ebadigyrus inhibits domoic acid (DA)-induced seizures in male
adult rats, which indicates that 5-HT provides mitochon-
drial neuroprotection by inhibiting CB formation.6 We pre-
viously reported that the overproduction of stress-induced
free radicals may cause CB formation in vulnerable hippo-
campal neurons because of the degeneration of the mito-
chondria in Alzheimer’s disease (AD), drug addiction, and
depression.7 However, nutritional rehabilitation, physio-
logical zinc, and metallothioneins (MTs) inhibit CB forma-
tion in the rat brain.8 MTs regulate zinc-mediated
transcriptional activation of genes involved in cell growth,
proliferation, and differentiation; they may also serve as
early and sensitive biomarkers of neurodegenerative dis-
eases, cardiovascular diseases, and cancer.8
We recently reported that MTs inhibit CB formation and
provide ubiquinone-mediated neuroprotection by serving as
potent free-radical scavengers.9 Metallothioneins are low-
molecular weight, cysteine-rich, zinc-binding proteins and
they are induced in nutritional stress and in response to
environmental neurotoxins (e.g., kainic acid, domoic acid,
acromelic acid, polychlorinated biphenyls, and heavy
metals such as mercury, lead, cadmium, and arsenic]) and
nanoparticle toxicity.10
This review highlights the clinical significance of the CB
as a universal mitochondrial biomarker of cell injury and
highlights the neuroprotective role of nutritional rehabili-
tation, physiological zinc ion (Zn2þ), and MTs as CB in-
hibitors. We have proposed that the accumulation of CBs at
the junction of the axon hillock can impair the axoplasmic
transport of various ions, neurotransmitters, enzymes,
neurotropic factors, and mitochondria in the synaptic re-
gion, thereby impairing cognitive performance in progres-
sive neurodegenerative diseases such as attention deficit
hyperactivity disorder (ADHD), Parkinson’s disease (PD),
Alzheimer’s disease (AD), and depression. Hence, drugs
may be developed to inhibit CB formation and cure
neurodegenerative and cardiovascular diseases. Nonspe-
cific induction of CB formation in hyperproliferating cells
can cause alopecia, myelosuppression, gastrointestinal
tract symptoms, cardiovascular damage, neurotoxicity, and
infertility. Drugs may therefore be developed to enhance
cancer stem cell-specific CB formation to eradicate
multidrug-resistant malignancies and chronic microbial in-
fections with minimal or nonadverse effects.
Original hypothesis
We originally proposed the following hypothesis: “MTs
provide ubiquinone (coenzyme Q10)-mediated protection by
inhibiting CB formation”.9 To confirm this hypothesis, we
performed a series of experiments on mitochondrial
genome knock out (RhOmgko) cells in culture and in MT
gene-manipulated mice.
Mitochondrial bioenergetics in undernutrition
It is well established that mitochondrial bioenergetics is
significantly impaired in the developing undernourished
brain. Clinical manifestations of the deleterious effects of
nutritional stress in undernourished children motivated us
to discover the physiological and pharmacologicalsignificance of compromised mitochondrial bioenergetics in
developing undernourished rats. This led to the discovery of
CB formation as a universal preapoptotic biomarker. Typical
clinical manifestations of a 2.5-month old female child,
who was undernourished because of lactation failure in the
mother, were folded skin, loss of muscle tone, neuromus-
cular degeneration, peripheral edema, loss of hair, and
face like an old person. These features are presented in
Fig. 1A. The same child after 25 days of nutritional reha-
bilitation with cow’s milk formula exhibited alleviation of
clinical symptoms, coordination of muscular activity,
reappearance of muscle tone, and hair growth. This further
confirms that nutritional stress compromises mitochondrial
bioenergetics and can be restored by nutritional rehabili-
tation (Fig. 1B). Usually body weight and chest to ence-
phalic ratios (i.e., circumference) are calculated to assess
the severity of nutritional stress in developing malnour-
ished children. However, on moral and ethical grounds, CB
formation cannot be studied in developing undernourished
children. Hence, CB formation in experimental animals and
the brain to body weight ratio in humans may be novel
biomarkers of nutritional stress and rehabilitation.
Brain to body weight ratio to assess CB formation
We determined the ratio of brain weight versus body weight
in 5- to 30-day-old postnatal developing nourished rats and
undernourished rats. At any given age, this ratio was
significantly higher in the undernourished rats than in the
nourished rats. The brain to body weight ratio reduced as a
function of nutritional rehabilitation, as Fig. 2A illustrates.
Postnatal undernutrition (UN) was induced by increasing
the litter size of the lactating mother and by reducing the
protein casein to 50% in the daily diet of the lactating
mother, as described in our earlier publications.1,2 Because
the brain weight in experimental animals is not significantly
affected during postnatal UN, some investigators have
proposed a brain-sparing hypothesis, which was challenged
when brain regional neurochemistry, electrophysiology,
and ultrastructural details were explored. (The discovery of
CB formation in developing undernourished Purkinje neu-
rons further challenges the brain sparing hypothesis.)
The CB life cycle
The CB life cycle has been explored by experiments on
normal and on undernourished rat cerebellar Purkinje
neurons employing light microscopic and electron micro-
scopic (EM) analyses.1e5,8 As Fig. 3A illustrates, the struc-
turally intact synaptic terminal appears round and dense,
but the degenerated synaptic terminal appears swollen,
club-shaped, and cloudy. Synaptic degeneration in the
Purkinje neurons may be responsible for impaired and/or
delayed motor learning in nutritionally stressed children
and delayed eye blink conditioning in intrauterine fetal
alcohol-exposed developing children.21,22 Similar neurode-
generative changes in Purkinje neurons have been impli-
cated in impaired eye-blink conditioning in an animal model
of fetal alcohol syndrome.11,12
Fig. 3B presents electron microscopic images illustrating
the different phases of the CB life cycle. A corresponding
Figure 1 An undernourished child. (A) Clinical manifestations in a 2.5-month-old female child who is protein malnourished
because of lactation failure in her mother. She has folded skin, loss of muscle tone, neuromuscular degeneration, peripheral
edema, loss of hair, and a face resembling an old person. (B) After 25 days of nutritional rehabilitation with cow’s milk formula, the
same child exhibits the alleviation of clinical symptoms, coordination of muscular activity, reappearance of muscle tone, and hair
growth. Note: The body weight and chest to encephalic ratio (i.e., circumference) are usually determined to assess the severity of
nutritional stress in developing malnourished children. On moral and ethical grounds, Charnoly body (CB) formation cannot be
studied in developing undernourished children. However, clinical manifestations of the deleterious effects of nutritional stress in
malnourished children motivated the discovery of the physiological and pharmacological significance of mitochondrial bio-
energetics in developing undernourished rats. This led to the discovery of CB formation as a universal preapoptotic biomarker of
mitochondrial injury. CB formation and the brain/body weight ratio may be used as novel biomarkers of nutritional stress and
rehabilitation (or degeneration and regeneration) in experimental animals. (Source: Author’s original findings).
The Charnoly body as a cell injury biomarker 91pictorial diagram was developed to describe CB life cycle,
based on original EM observations (Fig. 3C). Nourished rat
cerebellar Purkinje neurons exhibited normal Golgi appa-
ratuses, rough endoplasmic reticulum, and elliptical mito-
chondria with well-defined cristae (upper left panel).
During nutritional stress of 15 days, the mitochondria were
swollen and began aggregating (upper right panel). Mito-
chondrial membranes then degenerated and fragmented,
(middle left panel). The degenerated mitochondrial mem-
branes were condensed and transformed into electron-
dense membrane stacks. The electron-dense membrane
stacks were fused with other degenerating mitochondria
(middle right panel). Furthermore, the CB translocated
towards the damaged region of the plasma membrane to
provide support to the desmosomes that are required for
the structural and functional integrity of the plasma
membrane. Based on these observations, we propose that
CB formation serves as a bridge between apoptosis and
neurodegeneration and serves as a transitory phase
because these were completely eliminated after 80 days of
nutritional rehabilitation. The electron-dense membranestacks were transformed to form pentalamellar or hepta-
lamellar structures that were considered mature CBs (lower
left panel). The mature CB seemed to serve as a membrane
reserve during nutritional stress. A typical mature CB
appeared as distinct multilamellar, electron-dense, penta-
lamellar or heptalamellar ultrastructures in highly vulner-
able cerebellar Purkinje neurons and hippocampal neurons
during progressive neurodegeneration. During severe
nutritional stress, CBs are degraded by lysosomal auto-
phagy, a process that is termed “charnolophagy” (instead
of “mitophagy”) to represent CB autophagy.
By quantitative analyses, we observed that the inci-
dence of CB formation is practically eliminated after 80
days of nutritional rehabilitation, which suggests that CBs
are recycled during nutritional rehabilitation. Thus CB is a
pleomorphic and transitory phase between UN and reha-
bilitation. During severe nutritional stress, CBs are phago-
cytized or agglomerated with other synaptic proteins such
as a-synuclein to form neuronal inclusions at the early stage
of neurodegeneration in aging. However, in permanently
damaged neurons these multilamellar electron-dense CBs
Figure 2 Brain to body weight ratio. (A) A histogram illustrating the ratio of brain weight to body weight from 5 days to 30 days in
developing postnatal nourished and undernourished rats. At any given age, this ratio is significantly higher in the undernourished
rats than in the nourished rats (p < 0.01). The brain weight to body weight ratio reduced as a function of nutritional rehabilitation.
Postnatal undernutrition was induced by increasing the litter size of the lactating mother and by reducing the protein casein to 50%
in the daily diet of the lactating mother, as described by Widdowson and McCance.26 Cerebellar tissue was processed for electron
microscopic study as described in our earlier publications.1,9,13 The data were analyzed by multiple measures two-way analysis of
variance (ANOVA). The ratio of the squares of the standard deviations (SDs) were calculated to obtain the F values, which were
used to determine the p values to evaluate the level of significance between the nourished and the undernourished brain weights
and body weights. These data were derived from 12 animals in each experimental group. (B) One-way ANOVA was performed on rats
that were undernourished for 30 days to quantitatively determine the incidence of Charnoly body (CB) formation as a function of
nutritional rehabilitation of 80 days at different time intervals. CB formation is practically eliminated in rats that were under-
nourished for 30 days and subsequently rehabilitated for 80 days. This suggests CB recycling. Data are expressed as the mean  the
standard error (SE) of 12 animals in each experimental group (the data are based on multiple measures ANOVA) (p < 0.05 was
significant). Note: Because the brain weight in experimental animals is not significantly affected during postnatal undernutrition,
some investigators proposed a brain sparing hypothesis, which was challenged when brain regional neurochemistry, electrophys-
iology, and ultrastructural details were explored. (The discovery of CB formation in developing undernourished Purkinje neurons
further challenges the brain sparing hypothesis.) (*p < 0.05; **p < 0.01; ***p < 0.001.)
92 S. Sharma, M. Ebadimay participate in further neurodegenerative process.
Recently we also reported that antioxidant zinc binding low
molecular weight proteins, metallothioneins (MTs) inhibit
CB formation by serving as potent free radical scavengers,
which are significantly reduced in the hippocampal regions
of Alzheimer’s disease (AD) patients and thus induce
further degeneration by the formation of amyloid-b plaques
in AD patients and Lewy bodies in Parkinson’s disease (PD)
patients. Whether CBs can synthesize adenosine triphos-
phate (ATP) by oxidative phosphorylation and these mem-
branes have structurally and functionally intact electron
transport system to synthesize ATP remains unknown. Our
studies suggest that CB is transformed into functional
mitochondria during nutritional rehabilitation. Further
research may resolve this intriguing yet highly significant
issue.Metallothiones inhibit CB formation
We recently reported that antioxidant zinc-binding low-
molecular weight proteins, called metallothioneins, inhibit
CB formation by serving as potent free-radical scavengers.
They are significantly reduced in the hippocampal regions,
which induces further neurodegeneration by synthesizing
amyloid-b plaques in AD and Lewy body formation in PD. It
remains unknown whether CB can synthesize adenosinetriphosphate (ATP) by oxidative phosphorylation and
whether it possesses a functionally intact electron trans-
port system to synthesize ATP. However, nutritional reha-
bilitation experiments indicate that CBs possess a
pleomorphic characteristic and can be transformed into
functional mitochondria.
Quantitative analyses of CB formation
Fig. 4A presents a quantitative analysis of CB formation in
undernourished developing Purkinje neurons. CB formation
increased significantly from 5 days to 30 days of postnatal
UN as a function of the severity of nutritional stress. The
appearance and disappearance of CB formation occurred as
function of nutritional stress and rehabilitation respectively
(Fig. 4B). The incidence of CB formation in the Purkinje
neuron apical dendrite; basal dendrite (BD), and oblique
branch of the apical dendrite (OBD) is presented in Fig. 4C.
A maximum incidence of CB formation occurred in the
apical dendrite, followed by BD and OBD.
Electrophysiological correlates of CB formation
To establish electrophysiological deficit as a consequence
of CB formation in the developing undernourished brain, we
recorded Purkinje neuron intracellular evoked unit activity.
Figure 3 (A) A light microscopic picture of an isolated Purkinje neuron from the cerebellar cortex of a rat that was under-
nourished for 30 days. It exhibits a structurally intact terminal (: left) and a degenerated synaptic terminal (- right). The
structurally intact synaptic terminal has a normal shape and size with a round and dense appearance, whereas the degenerated
synaptic terminal is swollen, club-shaped, and appears cloudy because of Charnoly body (CB) formation resulting from impaired
axoplasmic (magnification, 1000; stain, hematoxylin-eosin). (B) CB life cycle electron microscopic (EM) pictures illustrate the CB
life cycle in developing undernourished rat cerebellar Purkinje neurons. a: Normal rat cerebellar Purkinje neuron dendrite with
normal Golgi apparatus, rough endoplasmic neurons, and elliptical mitochondria with well-defined cristae during 15 days of
postnatal life. b: The mitochondria and Golgi body become swollen and begin aggregating in rats that have been undernourished for
15 days. c: The mitochondrial membranes are subsequently degenerated and fragmented. The degenerated mitochondrial
membranes are transformed into electron-dense membrane stacks. d: At the basal portion of the electron-dense membrane stacks,
the mitochondria are fused to maintain the function of these membrane stacks. The CB can also translocate towards the damaged
region of the plasma membrane to repair degenerating desmosomes to preserve the structural and functional integrity of the
plasma membrane. The swollen mitochondria fuse with the already existing immature CB. e: The electron-dense membrane stacks
become independent ultrastructural units or heptalamellar units (i.e., mature CB). The mature CB serves as a membrane reserve
during nutritional stress. A fully mature CB appears as multilamellar, electron-dense, pentalamellar or heptalamellar independent
units. f: These multilamellar ultrastructural units are degraded by charnolophagy because of increased lysosomal enzyme activity
to meet the energy demands of the neuron during chronic undernutrition. (C) A pictorial diagram illustrating the CB life cycle,
based on the EM findings in developing undernourished Purkinje neurons. Ultrastructural morphology appears normal in the
nourished rat cerebellar Purkinje neurons with normal Golgi apparatus, rough endoplasmic reticulum, and elliptical mitochondria
(upper left panel). The mitochondria exhibit a normal appearance and size with well-defined cristae. During postnatal nutritional
stress of 15 days, the mitochondria become swollen and start aggregating (upper right panel). Mitochondrial membranes are then
degenerated and fragmented (middle left panel). The degenerated mitochondria are transformed into electron-dense membrane
stacks. At the basal portion of these electron-dense membrane stack more mitochondria are fused to keep these membrane stacks
functional. The CB can also translocate towards the damaged region of the plasma membrane to support the desmosomes to
maintain the cytoskeletal support and structural and functional integrity of the plasma membrane. Based on these findings, CB
formation appears to form a bridge between apoptosis and neurodegeneration. It is a transitory phase since nutritional rehabili-
tation can eliminate CB formation, as demonstrated at 80 days of rehabilitation of undernourished rats. The swollen mitochondria
fuse with the already existing immature CB (middle right panel). These electronedense membrane stacks become independent
ultrastructural units to form pentalamellar or heptalamellar units as mature CB (lower left panel). The mature CB seems to serve as
a membrane reserve during nutritional stress. A fully mature CB appears as multilamellar, electron-dense, pentalamellar or
heptalamellar independent unit, depending on the brain-region specific vulnerability of the neurons. During severe nutritional
stress, lysosomal activation induces charnolophagy.
The Charnoly body as a cell injury biomarker 93Significantly reduced Purkinje neuron evoked unit activity
in undernourished rats was represented by increased la-
tency of response, reduced number and amplitude of
spikes, increased after-hyperpolarization duration due tocompromised mitochondrial bioenergetics, and increased
intracellular calcium ions ([Ca2þ]i) (Fig. 4D). We described a
detailed procedure to record Purkinje neuron evoked unit
activity in our earlier publications.1,2,13 Differences in the
Figure 4 (A) Quantitative analysis of Charnoly body (CB) formation in the developing undernourished Purkinje neurons as a
function of time. CB formation increases as a function of severity of nutritional stress, as evident in 10 neurons from 5 days to 30
days of undernutrition. (B) Exponential elimination of the CB as a function of nutritional rehabilitation for 80 days. (C) Incidence of
CB formation in the Purkinje cell apical dendrite (AD); basal dendrite (BD), and oblique branch of the apical dendrite (OBAD). (D)
Purkinje neuron intracellular evoked unit activity in normal and undernourished neurons. Purkinje neuron evoked unit activity is
reduced in undernourished rats, as represented by increased latency of response, reduced number and amplitude of spikes, and
increased after-hyperpolarization duration (arrowhead) because of compromised mitochondrial bioenergetics and increased
intracellular calcium ([Ca2þ]i). The detailed procedure to record Purkinje neuron evoked unit activity is described in our earlier
publications.25 (*p < 0.05; **p < 0.01; ***p < 0.001.)
94 S. Sharma, M. Ebadiduration of Purkinje neuron evoked unit activity and car-
bon-14-glucose (14C-glucose) uptake in the cerebellar cor-
tex of normal rats and undernourished rats were estimated
to evaluate mitochondrial bioenergetics and CB formation
in vivo and in vitro, respectively. The mean total duration
of Purkinje neuron evoked unit activity was recorded from
nourished rats and from undernourished rats and sub-
tracted to determine difference in the duration, D-T, which
was plotted as a function of the difference in the rate of
14C-glucose uptake in the cerebellar cortex to determine
difference in the energy, D-E. The quantitative estimates
of D-E determined the difference in the mitochondrial
bioenergetics between the nourished rats and undernour-
ished rats. As Fig. 5 shows, the regression analysis revealed
a positive linear correlation between D-T and D-E in nour-
ished and undernourished rats (i.e., DT Z k DE, in which k
is a constant and depends on the nature of cell under
investigation).Parkinsonian neurotoxins induce CB formation
We confirmed that Parkinsonian neurotoxins such as salso-
linol, 1-benzyl-tetrahydroisoquinoline, and rotenone, and
drugs of abuse such as 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), cocaine, methamphetamine,
and methylene deoxymethamphetamine (MDMA) trigger CB
formation by downregulating ubiquinone nicotinamide
adenine dinucleotide hydrogen (NADH)-oxidoreductase
(complex-1; a rate limiting enzyme in oxidative phosphor-
ylation and ATP synthesis) in cultured human dopaminergic
(SK-N-SH) neurons; by contrast, the monoamine oxidase-B
inhibitor, selegiline prevents 1-methyl, 4-phenyl 1,2,3,6-
tetrahydropyridinium (MPPþ)-induced mitochondrial
degeneration and CB formation by augmenting MT induc-
tion.14 Metallothionein double-knock out (MTdko) mice did
not exhibit any overt clinical symptoms of Parkinsonism,
although they were highly susceptible and were completely
Figure 5 Electrophysiological correlates of Charnoly body
(CB) formation. The mean total duration of Purkinje neuron
evoked unit activity recorded from 20 normal rats and 20 un-
dernourished rats was subtracted to determine D-T, and
plotted as a function of the difference in the rate of carbon-14-
glucose (14C-glucose) uptake in the cerebellar cortex between
normal and undernourished rats to determine D-E. The D-E was
calculated to determine the difference between normal rats
and undernourished rats in mitochondrial bioenergetics.
Regression analysis revealed a positive linear correlation be-
tween the differences in the duration of Purkinje neuron
evoked unit activity (D-T) and 14C-glucose uptake (D-E): DE a
DT or DE Z k DT, in which k is constant and depends on the
nature of the cell. The D-E and D-T tend to zero during
nutritional rehabilitation. (Source: Sharma’s original findings.)
The Charnoly body as a cell injury biomarker 95immobilized. By contrast, MT-transgenic (MTtrans) mice
could still walk with stiff legs and erect tail after 7 days of
10 mg/kg intraperitoneal MPTP treatment, which induced
Parkinsonism. This suggests the therapeutic potential of
MTs as potent CB inhibitors and rejuvenators of mitochon-
drial bioenergetics. The mitochondrial coenzyme Q10 levels
were also significantly higher in the striatum of MTtrans mice
than in the normal control (C57Bl/6J) mice or in the MTdko
mice. This confirms our original hypothesis that MTs provide
ubiquinone-mediated neuroprotection by inhibiting CB
formation. In cultured human dopaminergic (SK-N-SH)
neurons, selegiline also provided mitochondrial neuro-
protection by augmenting MTs and by inhibiting CB
formation.15
Mitochondrial genome knock (RhOmgko) neurons were
highly susceptible to MPPþ-induced apoptosis, which was
attenuated when these aging neurons were transfected
with a mitochondrial genome encoding ubiquinone NADH-
oxidoreductase (i.e., complex-1).16 Furthermore, a cal-
cium regulatory proteindtransient receptor potential
channel 1dprevented MPPþ-induced complex-1 inhibition
and apoptosis in cultured human dopaminergic (SH-S-Y5Y)
neurons, which confirms compromised mitochondrial bio-
energetics in neurodegenerative diseases and the thera-
peutic potential of MTs as CB inhibitors.17CB formation in RhOmgko cells
Mitochondrial genome knock out cells were prepared by
selectively knocking out the mitochondrial genome to
mimic the cellular model of aging. The RhOmgko cells were
highly susceptible to MPPþ, rotenone, and salsolinol-
induced mitochondrial degeneration, and they augmented
CB formation without any significant effect on the nuclear
DNA. Depending on the metabolic activity, a cell may
possess 1000 mitochondria or more with each having its own
single-stranded, intron (less than 34 Kb), highly sensitive,
naked DNA. Mitochondrial DNA damage occurs at an early
stage of neurodegenerative diseases or cardiovascular dis-
eases because it remains constant under the direct influ-
ence of free radicals that are generated as a byproduct of
oxidative phosphorylation.16
Free radicals induce oxidation of the mitochondrial DNA
to synthesize 8-hydroxy-2-deoxyguanosine (8-OH-2 dG).
Hence, significantly increased levels of 8-OH-2 dG in serum
and urine samples may be used as early biomarkers of
mitochondrial DNA damage and neurodegeneration. Mito-
chondrial coenzyme Q10 (CoQ10) and complex-1 were
significantly reduced in the RhOmgko cells, which is observed
in AD, PD, and aging. Transfection of RhOmgko cells with the
complex-1 gene increased CoQ10 and ATP synthesis. This
supports that neurodegenerative diseases occur because of
compromised mitochondrial bioenergetics as a conse-
quence of the downregulation of the mitochondrial
genome.16CB formation in gene-manipulated mice
We developed a-synuclein metallothionein triple knockout
(a-Syn-MTtko) mice. These genotypes exhibit 40% mortality,
body tremors, and typical Parkinsonian symptoms. The
brain regional CoQ10 activity and complex-1 activity were
significantly reduced in these genotypes. Therefore, we
developed a highly sensitive procedure to detect CoQ10
from the brain samples of these rare animals to assess their
compromised mitochondrial bioenergetics.18
Homozygous weaver (wv/wv) mutant mice exhibit pro-
gressive nigrostriatal, hippocampal, and cerebellar damage
that occurs in PD, AD, and drug addiction, respectively.
Metallothioneins were significantly downregulated and
these genotypes exhibited typical symptoms of multiple
drug addiction, morbidity, and early mortality.
Metallothioneins overexpressing weaver (wv/wv-MTs)
mutant mice were developed by crossbreeding MTs trans-
genic males with wv/wv females because male wv/wv
mice are sterile. The wv/wv-MTs mice (metallothionein
overexpressing weaver mice) exhibited attenuation of
body tremors and served as an animal model of drug
rehabilitation. By performing in vivo micro-positron emis-
sion tomography neuroimaging with [18F]fludeoxyglucose
and [18F]fluorodopamine and by estimating CoQ10 and
complex-1 activity, we established that mitochondrial
bioenergetics is significantly improved in wv/wv-MTs mice,
compared to the control (C57BL/6J) mice; this further
supported our original hypothesis.19,20 We recently high-
lighted the importance of MTs, ubiquinone, mitochondrial
membrane potential (DJ), mtDNA oxidation product,
96 S. Sharma, M. Ebadi8-OH-2 dG, and a-synuclein index (SI) as novel biomarkers
for the early detection of CB formation and diagnosis
of neurodegenerative a-synucleinopathies. We also re-
ported that MTs inhibit CB formation by serving as potent
free radical scavengers. Hence, these sensitive mito-
chondrial biomarkers may facilitate exploring further the
clinical significance of CB formation in health and in
disease.19
Metallothionein-mediated inhibition of CB
formation
Translocation of MTs in the mitochondria and nucleus during
oxidative and/or nitrative stress occurs as a molecular
mechanism of cellular defense. Peroxynitrite ions are
generated as a byproduct of oxidative phosphorylation by
the Fenton reaction in the presence of ferric iron (Fe3þ),
nitric oxide ($NO), and hydroxyl ($OH) radicals. These ions
induce oxidative and nitrative stress. Metallothioneins
attenuate ONOOe-induced DNA damage, whereas a-synu-
clein nitration facilitates Lewy body (LB) formation during
PD progression.14 We discovered the SI as the ratio of
nitrated a-synuclein versus native a-synuclein.15 Therefore,
the SI may be a sensitive biomarker of CB and LB patho-
genesis in the submandibular gland of PD patients.
We have proposed that the accumulation of CBs at the
junction of the axon hillock may inhibit the axoplasmic
transport of ions, enzymes, neurotransmitters, growth fac-
tors, and mitochondria at the presynaptic region, thereby
resulting in sensory-motor impairments in PD, AD, and
depression. Therefore, drugs may be developed to inhibit CB
formation in hippocampal neurons. This suggests that the
mitochondrial membrane potential (DJ), 8-OH-2 dG syn-
thesis, and the SI may initially be determined by confocal
microscopy, flow cytometry, and Comet assay as rudiments
of CB formation to evaluate the therapeutic potential of
drugs in cell culture. Electron microscopic studies may be
performed later to authenticate CB formation in vivo. This
unique approach could save time, money, and energy by
pharmaceutical companies interested in developing novel
drugs for the effective treatment of neurodegenerative
diseases, cardiovascular diseases, and cancer. Furthermore,
CB formation may also serve as an early and sensitive
biomarker in addiction, depression, diabetes, obesity, pain,
and several other neurodegenerative and cardiovascular
diseases beyond the scope of this review.
Augmentation of CB formation in cancer
Cancer stem cells remain in their niches and induce ma-
lignancies on stimulation. In multidrug-resistant malig-
nancies, the MTs are induced because of the inhibition of
CB formation. Furthermore, presently available anticancer
and anti-infective drugs cause alopecia, myelosuppression,
and gastrointestinal tract symptoms because of the
nonspecific induction of CB formation in highly proliferating
cells. Therefore, drugs may be developed to augment
cancer stem cell-specific CB formation for the effective
treatment of multidrug resistant malignancies with minimal
or no adverse effects.CB formation as a universal biomarker
As discussed previously, the CB is a pleomorphic, multi-
lamellar, electron-dense structure of degenerated mito-
chondrial membranes that forms as a consequence of
chronic nutritionally and/or environmentally induced
oxidative and nitrative stress due to free radical over-
production in a highly vulnerable cell. The CBs form as a
consequence of free radical overproduction and behave as
a transitory phase between apoptosis and neuro-
degeneration. Accumulation of CBs at the junction of the
axon hillock may inhibit axoplasmic flow of ions, neuro-
transmitters, and mitochondria in AD patients with severe
depression and memory loss. Thus, CB formation in the
aging brain is responsible for impaired brain regional
neurotransmission. Delayed motor learning in the postnatal
undernourished developing brain occurs because of CB
formation, as we have confirmed in experimental animals.
Inadequate mitochondrial supply may lead to sensory motor
impairments, as observed in various neurodegenerative a-
synucleinopathies such as AD and PD. Hippocampal atrophy
typically occurs in AD and depression. In AD, CB formation,
particularly in the zinc-containing hippocampal neurons,
occurs because of metallothionein-3 deficiency.20
CB formation in vulnerable hippocampal neurons may
also cause depression and can be prevented by MT induc-
tion, physiological zinc supplementation, and nutritional
rehabilitation. Metallothionein-3 inhibits CB formation,
thereby preventing hippocampal damage in AD patients. In
general, MTs inhibit CB formation by serving as free radical
scavengers, and MTs prevent senile dementia by boosting
mitochondrial bioenergetics. Hence, drugs or antioxidants
may be targeted to inhibit CB formation in the hippocampal
region to prevent progressive neurodegeneration in AD, PD,
and depression. In particular, depression is the predomi-
nant comorbid factor in neurodegenerative disorders, car-
diovascular disorders, chronic inflammatory diseases,
postoperative patients, post-traumatic stress syndrome,
war-wounded patients, space explorers, and cancer pa-
tients. Furthermore, hippocampal neurons may be
destroyed in major depressive disorders because of CB
formation; however, polyunsaturated fatty acids such as
docosahexanoic acid (DHA) may inhibit CB formation and
augment mitochondrial regeneration to enhance hippo-
campal neurogenesis, thereby promoting an antidepressant
action and alleviating symptoms of attention deficit hy-
peractivity disorders (ADHDs) in young adolescents.18
Inhibiting CB formation by nutritional rehabilitation, phys-
iological zinc supplementation, and MTs induction can
prevent various neurodegenerative diseases such as PD, AD,
and depression, as Fig. 6 illustrates. The MTs may be
induced by diet and moderate exercise to prevent hippo-
campal CB formation that is implicated in the etiopatho-
genesis of ADHD. Future studies in this direction will
improve the quality of life, particularly of older individuals
with chronic diseases, major depressive disorders, drug
addiction, and schizophrenia.
It has recently been discovered that the fat-1 transgenic
mouse, which has enriched levels of DHA in the brain
because it can convert omega-6 into omega-3 fatty acids,
exhibits increased hippocampal neurogenesis. This suggests
Figure 6 A flow diagram illustrating the possible molecular
mechanism of Charnoly body (CB) formation and prevention of
its formation by nutritional rehabilitation, physiological zinc
supplementation, and metallothioneins (MTs). Pharmacological
agent and nutritional rehabilitation act synergistically to pre-
vent CB formation involved in progressive degeneration.
Hence, drugs may be targeted to inhibit CB formation in
neurodegenerative disease and cardiovascular disease and
augment cancer stem cell-specific CB formation to eliminate or
minimize adverse effects of treatment in multidrug-resistant
malignancies.
The Charnoly body as a cell injury biomarker 97a mechanism by which omega-3 fatty acids could influence
depression and mood. Omega-3 fatty acids such as eicosa-
pentanoic acid and DHA may prevent and treat depression
by inhibiting CB formation and by promoting neurogenesis
in the hippocampus. Because DHA can be obtained through
diet, increasing DHA intake in depressed patients or people
at risk for depression may facilitate managing the disease
and aid individuals who have been unable to achieve
remission via pharmacological interventions.
Vildagliptin prevents insulin resistance, brain mito-
chondrial dysfunction, and learning and memory deficits
caused by a high-fat diet (HFD).21,22 In HFD-fed rats,
neuronal insulin resistance and brain mitochondrial
dysfunction were evident with impaired learning and
memory. Vildagliptin prevented insulin resistance by
restoring long-term depression and neuronal Insulin Re-
ceptor (IR), Insulin Receptor Substrate (IRS)-1 and Akt/
protein kinase B-serine phosphorylation, and improving
mitochondrial bioenergetics and cognitive performance.
Vildagliptin also restores neuronal IR function, increases
glucagon-like-peptide 1 levels, and attenuates impaired
cognitive function caused by the HFD.13 This suggests the
clinical significance of mitochondrial bioenergetics, which
is compromised during nutritional and environmental toxic
stress and alleviated by nutritional rehabilitation, physio-
logical zinc supplementation, and MTs as potent CB in-
hibitors, as highlighted in this report. We are in the process
of submitting an article, “Novel Biological Sources of CBFormation”, to further authenticate its significance as a
universal biomarker. The natural abundance and genetic
susceptibility of mitochondrial DNA overall qualify CB as a
universal biomarker of cell injury and apoptosis.Conclusion
Nutritional rehabilitation, physiological zinc supplementa-
tion, and/or MTs induction can prevent CB formation,
particularly during early neuronal development and aging
so that a healthy young life and aging can be enjoyed. By
contrast, unhealthy lifestyle choices such as alcohol intake,
cigarette smoking, a high-fat and salt-rich diet, or malnu-
trition because of ignorance and poverty may cause
morbidity and early mortality as a result of CB formation.
The MTs can be induced by regular diet and moderate ex-
ercise to circumvent free radical overproduction, prevent
CB formation, and hence prevent progressive neurodegen-
erative disorders, including chronic drug addiction.23,24 CB
autophagy may be termed “charnolophagy” instead of
“mitophagy”. Inhibition of charnolophagy may lead to
progressive neurodegenerative diseases accompanied by
neuronal inclusions.10 Hence, drugs may be targeted to
inhibit CB formation to prevent or treat neurodegenerative
diseases and cardiovascular diseases, and enhance cancer
stem cell-specific CB formation for the effective clinical
management of multidrug-resistant malignancies.Conflicts of interest
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